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A NEUTRON MONITOR FOR 
SIMULTANEOUS MEASUREMENT OF 
FLUENCE AND DOSE EQUIVALENT 

by 

Robert F. Dvorak and Norman C. Dyer 

ABSTRACT 

A neutron detector which has application as both an 
a rea monitoring instrument and a crit icali ty dosimeter is 
under development at Argonne National Laboratory. The de
tector simultaneously measures both dose equivalent and 
fluence from an exposure to fast neutrons. 

The moderator consists of a 12-in.-diameter, alu
minum-encased paraffin sphere. The neutron sensors a re 
nine the rmal activation foils located within the moderator . 
The neutron fluence is determined by activation of six foils 
symmetr ical ly located one inch below the surface of the mod
era tor . For this foil a r ray , the summed activity is nondi-
rect ional and proportional to the fluence within 10 percent 
over the investigated energy range from 20 keV to 2.3 MeV. 
The neutron dose equivalent is determined from activation of 
three symmetrical ly interlocked foils at the center of the 
moderator , and the summed activity is proportional to the 
dose equivalent within 75 percent over the same energy range. 

A response correction technique is described which, 
for monoenergetic neutrons, brings the dose equivalent to 
within about 10 percent. The average sensitivity of the mon
itor over the stated energy range, using indium foils, is 
76 cpm per m r e m / h r and 25 cpm per n /cm^-sec at the end 
of one half-life exposure at uniform radiation level. 

INTRODUCTION 

An examination of the neutron thermalization charac ter i s t ics of a 
spherical hydrogenous moderator has disclosed several relationships a m e 
nable to exploitation in the design of a simple yet versat i le neutron detector. 
Some of these relationships a re new and some have been explored by others . 





Pert inent considerations leading to the design concept for the ins t ru
ment include the following: 

1. The thermal-flux-density distribution in a hydrogenous moder
ator has been studied by a number of investigators under various modera tor -
sensor g e o m e t r i e s . ' " ' In all cases , a similar distribution was seen. Char
acter is t ical ly, if the moderator is sufficiently large, the thermal flux density 
increases from some nominal value at the front surface of the moderator to 
a maximum at an energy-dependent depth; thereafter, it decreases with depth 
to the r ea r surface. Calculations of our own, utilizing multigroup diffusion 
theory, show the same charac ter i s t ics for spherical detectors. In addition, 
these calculations indicate that the response of a 12-in.-diameter sphere 
having a symmetr ica l a r r ay of sensors located about one inch below the sur 
face is fairly independent of incident neutron energy. (These calculations a re 
current ly being revised to improve accuracy and are not considered further 
in this repor t . ) 

2. Several invest igators ' '* have shown that a polyethylene sphere of 
about 10-in. diameter having a small sensor at the center exhibits a va r i a 
tion of sensitivity with incident neutron energy approximating the currently 
accepted variation of dose equivalent with neutron energy. Our work indi
cates that the sanne resul t can be achieved for a 12-in. sphere and a 2-in. 
sensor. 

3. A spherical moderator with a central sensor is inherently non-
directional. The same moderator having a large number of symmetrically 
distributed noncentral sensors with a summed response also is inherently 
nondirectional. 

4. If measurements are made in a neutron radiation field utilizing 
two detectors having substantially different energy responses, one can de
termine an effective neutron energy for this field. It is easy to postulate 
energy spectra for which this effective energy would be quite misleading. If 
used cautiously, however, it can have direct value in biological i rradiat ion 
experiments, and many radiation protection situations. One also may ut i 
lize the effective neutron energy to determine a suitable sensitivity c o r r e c 
tion for a detector with a nonideal response curve. 

5. The use of a neutron moderator with thermal sensors affords the 
instrument designer a valuable flexibility. One can select the sensor accord
ing to the type of source and the information desired. Active sensors such 
as GM tubes wrapped in silver foil may be used for pulsed sources, and 
boron trifluoride or lithium iodide counters for continuous emission sources . 
Pass ive sensors , such as foils of indium, dysprosium, cobalt, and gold, may 
be used with any source and for work involving a wide range of integration 
t imes . 





D E T E C T O R 

A s k e t c h of the g e o m e t r y c h o s e n for the s e n s o r s i s shown in F i g . 1. 
Since the type of s e n s o r i s in p r i n c i p l e u n i m p o r t a n t , p a s s i v e foi ls a r e shown 
for s i m p l i c i t y . The d o s i m e t r i c a r r a y i s a s y m m e t r i c a l g r o u p of t h r e e s e n 
s o r s at the c e n t e r of the m o d e r a t o r . The f l a t - r e s p o n s e a r r a y c o n s i s t s of 
s ix s e n s o r s e q u i d i s t a n t f r o m the c e n t e r and lying on the r e c t a n g u l a r c o o r 
d ina te a x i s . 

F i g u r e 2 shows the p a s s i v e foil d e t e c t o r a s f inal ly f a b r i c a t e d . It 
c o n s i s t s of two 1 2 - i n . - d i a m e t e r , h e m i s p h e r i c a l a l u m i n u m s h e l l s which have 
b e e n fi l led with paraf f in m o d e r a t i n g m a t e r i a l . On e a c h of the t h r e e c o o r 
d ina te a x e s , Luc i t e h o l d e r s and plugs p rov ide e x t e r n a l l y a c c e s s i b l e p o s i 
t i ons for the s ix 2 - i n . - d i a m e t e r t h e r m a l ac t iva t ion foils c o m p r i s i n g the 
f l a t - r e s p o n s e a r r a y . The foils a r e loca ted one inch below the s u r f a c e of 
the m o d e r a t o r and 5 in. f rom the c e n t e r . 

235-916 

Fig. 1, Sensor Geometry for Spherical 
Foil Neutron Detector 

Fig. 2. Neutron Detector Fully Assembled 
and Ready for Use 

F i g u r e 3 shows the s a m e d e t e c t o r with the h e m i s p h e r e s s e p a r a t e d 
for a c c e s s to the c e n t r a l d o s i m e t r i c a r r a y . A s lo t ted Luc i te c y l i n d e r i s 
u s e d to hold t h r e e foi ls s y m m e t r i c a l l y i n t e r l o c k e d in such a m a n n e r tha t 
t h e r e i s one foil in e a c h of the t h r e e r e c t a n g u l a r c o o r d i n a t e p l an es of the 
s p h e r e . 
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Fig. 3. Neutron Detector with Hemispheres Separated for Access to Central Array 

E X P E R I M E N T A L R E S U L T S 

The r e s p o n s e of the d e t e c t o r was d e t e r m i n e d e x p e r i m e n t a l l y in the 
e n e r g y r a n g e f r o m 20 keV to 2.3 MeV th rough use of a Van de Graaff p ro ton 
a c c e l e r a t o r and the Li (p, n)Be r e a c t i o n . The t h e r m a l a c t i v a t i o n foils w e r e 
of ind ium and d y s p r o s i u m , 2 in. in d i a m e t e r and 10 m i l s th ick . 

E x p o s u r e s w e r e m a d e a t a d i s t a n c e of 105 c m f rom the t a r g e t , and 
e a c h e x p o s u r e was a p p r o x i m a t e l y one hour in du ra t i on . The e n e r g y -
dependen t f luences r a n g e d be tween 300 and 2,000 n / c m - s e c . At each e n e r g y 
point, a d e t e r m i n a t i o n of the s c a t t e r e d - n e u t r o n b a c k g r o u n d was m a d e by 
i n t e r p o s i n g a 16—-in.- long t a p e r e d shadow cone be tween the t a r g e t and 
s o u r c e , and expos ing for the s a m e length of t i m e at a c o m p a r a b l e n e u t r o n 
f luence . C o r r e c t i o n f a c t o r s for backg round r a n g e d be tween 6 and 14 p e r c e n t 
of the t o t a l (cone r e m o v e d ) ac t iv i ty . F o r e n e r g i e s of 70 keV and above , e x 
p o s u r e s w e r e m a d e at 0° to the d i r e c t i o n of the p ro ton b e a m . At lower 
e n e r g i e s , it was n e c e s s a r y to expose at an angle of 60° to the d i r e c t i o n of 
the p ro ton b e a m to ach i eve the d e s i r e d e n e r g y s t ab i l i ty . 

The n e u t r o n flux was m e a s u r e d with a P r e c i s i o n Long Coun te r bui l t 
in a c c o r d a n c e with the D e P a n g h e r d e s i g n deve loped at Hanford. E a r l i e r 
e x p e r i m e n t s ind ica ted tha t u s e of the conven t iona l ±60° e x p e r i m e n t a l a r 
r a n g e m e n t (with the Long Coun te r m o n i t o r i n g the b e a m at -60° du r ing d e 
t e c t o r e x p o s u r e at +60°) r e s u l t e d in a p roh ib i t ive b a c k g r o u n d due to s c a t t e r i n g 
off the Long Coun te r and 0° b e a m s c a t t e r f rom e n v i r o n m e n t a l m a t e r i a l s . 





C a l i b r a t i o n s w e r e , t h e r e f o r e , a c h i e v e d b y a l t e r n a t i n g b e t w e e n L o n g C o u n t e r 

t h e d e t e c t o r e x p o s u r e s a t t h e s a m e p h y s i c a l p o s i t i o n a n d n o r m a l i z i n g w i t h 

i n t e g r a t e d p r o t o n b e a m c u r r e n t . 

T o s t u d y t h e e x t e n t of v a r i a t i o n i n s e n s i t i v i t y d u e t o r o t a t i o n a l o r i 

e n t a t i o n of t h e d e t e c t o r w i t h r e s p e c t t o t h e i n c i d e n t n e u t r o n b e a m , a t l e a s t 

t w o o r i e n t a t i o n s w e r e t r i e d a t e a c h e n e r g y . F i g u r e 1 s h o w s t h a t t h e r e a r e 

t w o g e o m e t r i c a l l y e x t r e m e c a s e s of i n c i d e n c e . T h e f i r s t i s t h a t i n w h i c h a 

r a d i a l l i n e b e t w e e n t h e s o u r c e a n d t h e d e t e c t o r c e n t e r p a s s e s t h r o u g h a s e n 

s o r , a n d i s r e f e r r e d t o a s " h e a d - o n . " T h e s e c o n d i s w h e r e a l l s e n s o r s a r e 

e q u i d i s t a n t f r o m t h i s l i n e ( a n d i t s b a c k w a r d e x t e n s i o n ) a n d i s r e f e r r e d t o a s 

" t r i s e c t i o n . " A t h i r d , i n t e r m e d i a t e c a s e e x i s t s w h e n t w o s e n s o r s a r e e q u i 

d i s t a n t f r o m t h i s l i n e a n d l i e i n a c o m m o n p l a n e ; t h i s i s r e f e r r e d t o a s a 

" b i s e c t i o n . " 

E a c h f o i l w a s c o u n t e d f o r b e t a a c t i v i t y i n a 271 g a s - f l o w p r o p o r t i o n a l 

c o u n t e r . T h e c o u n t i n g r a t e s t h e n w e r e c o r r e c t e d b a c k t o t h e t i m e a t w h i c h 

t h e e x p o s u r e e n d e d , n o r m a l i z e d t o a n e x p o s u r e t i m e of o n e h a l f - l i f e f o r t h e 

i s o t o p e of i n t e r e s t ( 5 4 . 2 m i n f o r i n d i u m - 1 1 6 m ; 1 3 9 . 2 m i n f o r d y s p r o s i u m -

165) , a n d a l s o n o r m a l i z e d t o a n e u t r o n f l u e n c e of 1 n / c m - s e c . 

T h e r e s u l t s f o r t h e m o r e c o m p r e h e n s i v e l y e x p o s e d i n d i u m f o i l s a r e 

s h o w n i n F i g . 4 . T h e m o s t s i g n i f i c i a n t i n f o r m a t i o n i n t h i s p l o t i s t h e n a t u r e 

a n d m a g n i t u d e of t h e d i r e c t i o n a l e f f e c t . 

F o r t h e o u t s i d e a r r a y , a n y d i r e c t i o n a l 

d i f f e r e n c e i s m a s k e d b y s t a t i s t i c a l 

s p r e a d i n t h e p o i n t s ; v a r i a t i o n s d u e t o 

d i r e c t i o n of i n c i d e n c e a p p e a r t o b e n o t 

g r e a t e r t h a n +5 p e r c e n t . A d i f f e r e n t 

a n d u n e x p e c t e d s i t u a t i o n o c c u r s f o r t h e 

c e n t e r a r r a y : a d i r e c t i o n a l e f f e c t of 

a b o u t ±10 p e r c e n t i s s e e n . S i n c e t h e 

h e a d - o n o r i e n t a t i o n s h o w e d h i g h e s t 

s e n s i t i v i t y , i t i s b e l i e v e d t h a t t h e l o w 

h y d r o g e n d e n s i t y ( c o m p a r e d t o p a r a f f i n ) 

of t h e L u c i t e f o i l c y l i n d e r s m a y b e 

r e s p o n s i b l e . 

235-920 

Fig-

0 1 0 
NEUTRON ENERGY-MeV 

Summed Foil-array Activity 
as Experimentally Determined, 
Showing Sensitivity Variation 
with Neutron Energy and 
Detector Orientation 

A l t h o u g h t h e d a t a a r e n o t p r e 

s e n t e d h e r e , t h e i n d i v i d u a l a c t i v i t y of 

e a c h of t h e s i x o u t e r f o i l s v a r i e d 

g r e a t l y . It w a s p o s s i b l e t o d e f i n e n o t 

o n l y t h e p r i m a r y n e u t r o n b e a m d i r e c 

t i o n , b u t a l s o t h e g e n e r a l d i r e c t i o n of 

s c a t t e r e d n e u t r o n s o u r c e s b y i n s p e c 

t i o n of t h e a c t i v a t i o n d a t a . 
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Fig- 5. Summed Outer Foil-array Activity, 
Showing Sensitivity Variation with 
Energy and Foil Material 

F i g u r e 5 s h o w s t h e r e s p o n s e of t h e o u t e r f o i l a r r a y , o b t a i n e d f r o m 

i n d i u n a a n d d y s p r o s i u m d a t a a v e r a g e d o v e r t h e t h r e e i n c i d e n c e o r i e n t a t i o n s . 

I n t h e e n e r g y r a n g e t e s t e d , t h e 1 / E -

a v e r a g e d i n d i u m s e n s i t i v i t y w a s 

2 4 . 8 c p m f o r a u n i t f l u e n c e i r r a d i a 

t i o n , a n d t h e l / E - a v e r a g e d d y s p r o s i u m 

s e n s i t i v i t y 4 9 . 6 c p m . I n g e n e r a l , t h e 

" f l a t n e s s " w a s a b o u t 10 p e r c e n t i n 

t h e t e s t e d e n e r g y i n t e r v a l , a n d i t 

a p p e a r s t h a t t h e s e n s i t i v i t y w i l l d e 

c r e a s e a t b o t h l o w e r a n d h i g h e r 

e n e r g i e s . 

F i g u r e 6 s h o w s t h e r e s p o n s e 

of t h e i n n e r f o i l a r r a y , a g a i n o b t a i n e d 

f r o n n i n c i d e n c e - a v e r a g e i n d i u m a n d 

d y s p r o s i u n n d a t a . O v e r t h e s a m e 

e n e r g y r a n g e , t h e i n d i u m s e n s i t i v i t y 

r a n g e d b e t w e e n 56 a n d 132 f o r a l / E -

a v e r a g e d s e n s i t i v i t y of 7 6 . 0 c p m p e r 

m r e m / h r , w h i l e t h e d y s p r o s i u m 

r a n g e d b e t w e e n 110 a n d 2 6 0 f o r a 1 / E 

a v e r a g e of 147 c p m p e r m r e m / h r . A 

c o m p a r i s o n of t h e c u r v e s o b t a i n e d i n 

t h i s w o r k w i t h d o s i m e t r i c d a t a of B r a m b l e t t e t a l . , a n d H a n k i n s , a s s h o w n 

i n F i g . 7, i n d i c a t e s t h a t t h e i n d i u m s e n s i t i v i t y w i l l r i s e w i t h d e c r e a s i n g 

e n e r g i e s t o a m a x i m u m of a b o u t 2 6 0 c p m p e r m r e m / h r , a n d t h e r e a f t e r w i l l 

d e c r e a s e t o a b o u t 100 c p m p e r m r e m / 

h r i n t h e e p i t h e r m a l r e g i o n . 

S i n c e t h e o u t e r s e n s o r a r r a y 

d o e s n o t h a v e a n a b s o l u t e l y f l a t r e 

s p o n s e a n d t h e i n n e r a r r a y h a s o n l y a 

c r u d e a p p r o x i m a t i o n t o d o s i m e t r i c r e 

s p o n s e , i t i s d e s i r a b l e t o m a k e u s e of 

t h e s e l f - c o r r e c t i n g f e a t u r e i n h e r e n t i n 

t h e d e t e c t o r . A p l o t of t h e r a t i o of 

o u t e r a r r a y a c t i v i t y t o i n n e r a r r a y a c 

t i v i t y a s a f u n c t i o n of e n e r g y i s s h o w n 

i n F i g . 8 . 

T o d e t e r m i n e f l u e n c e a n d d o s e 

e q u i v a l e n t a c c u r a t e l y , i t i s o n l y n e c 

e s s a r y t o c o m p u t e t h e r a t i o of s u m m e d 

f o i l a c t i v i t i e s i n e a c h of t h e t w o f o i l 235-922 

a r r a y s , u s e t h i s r a t i o t o d e t e r m i n e t h e Fig. 6. 

e f f e c t i v e n e u t r o n e n e r g y f r o m F i g . 8, 
a n d t h e n a p p l y t h i s e n e r g y t o t h e c u r v e s 

0 1 0 
NEUTRON ENERGY-MeV 

Summed Inner Foil-array Activity, 
Showing Sensitivity Variation with 
Energy and Foil Material 
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in F i g s . 5 and 6 to d e t e r m i n e the s ens i t i v i t y f i gu res to be u t i l i zed wi th e a c h 
a r r a y . A c o r r e c t e d f luence and d o s e equ iva len t then may be c o m p u t e d f r o m 
the o r i g i n a l fo i l - ac t iv i ty da t a . 

10' 10' 10^ 10' 
NEUTRON ENERGY-eV 

Fig. 7 
Comparison of Response Charac
teristics of Three Spherical Neu
tron Detectors (in central 
dosimetric region) with Accepted 
RBE Dose Rate Function 

235-923 

T h e a c c u r a c y t h a t c a n b e 

a c h i e v e d d e p e n d s o n a n u m b e r of f a c 

t o r s , a m o n g t h e m : 

1. the a c c u r a c y of the ba s i c 

m o n o e n e r g e t i c n e u t r o n c a l i b r a t i o n ; 

2. the a c c u r a c y of the d e 

t e r m i n a t i o n of foil ac t iv i ty ; 

3 . t h e n a t u r e of t h e n e u t r o n -

e n e r g y d i s t r i b u t i o n . 

In p r i n c i p l e , t h e e r r o r s d u e t o 

t h e f i r s t t w o f a c t o r s c a n b e r e d u c e d 

t o n e g l i g i b l e p r o p o r t i o n s . O u r e x p e r 

i e n c e i n d i c a t e s t h a t a n a c c u r a c y of 

10 p e r c e n t i n d e t e r m i n a t i o n of f l u e n c e 

a n d d o s e e q u i v a l e n t c a n b e a c h i e v e d 

f o r m o n o e n e r g e t i c b e a m s a t t y p i c a l 

" t o l e r a n c e " l e v e l s , p r o v i d e d t h e b a s i c 

c a l i b r a t i o n c u r v e i s d e e m e d t o b e 

e x a c t . If n e u t r o n s a r e n o t m o n o 

e n e r g e t i c , a s i s u s u a l l y t h e c a s e i n 

p r a c t i c a l m e a s u r e m e n t s , t h e r e w i l l b e a n u n a v o i d a b l e e r r o r c a u s e d by a 

w e i g h t i n g of t h e a c t u a l n e u t r o n s p e c t r u m by t h e r e s p o n s e of t h e i n s t r u m e n t 

b e f o r e t h e a v e r a g e i s s t r u c k . H o w e v e r , h a v i n g d e t e r m i n e d t h e d e t e c t o r 

r e s p o n s e t o m o n o e n e r g e t i c n e u t r o n s , i t i s p o s s i b l e t o p r e p a r e r e s p o n s e 

c u r v e s f o r a p p l i c a t i o n t o " f l a t , " 1 / E , G a u s s i a n , a n d o t h e r s p e c t r a . 

Fig. 8. Ratio of Outer to Inner Foil-array 
Activities. The derived neutron 
energy is the true value for a mono
energetic source or an effective value 
for other types of spectra. 
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APPLICATION 

The first and current application of the instrument is the monitoring 
of radiation in the environs of the Argonne Zero Gradient Synchrotron, a 
pulsed source of 12.6-BeV protons. Thus far, two foil versions of the de
tector have been fabricated. The first design accepts flat foils up to 2 in. in 
diameter and has been used with both indium and dysprosium. The second 
design accepts s i lver-wrapped GM tubes. Direct calibration has so far been 
accomplished for only the flat-foil type, using indium and dysprosium. Great 
advantage has been found in the fact that the thermal activation foils a re in
vulnerable to the high instantaneous dose ra tes of the pulsed accelerator 
beam. Fur the rmore , the integrating nature of the foils affords adequate sen
sitivity for a wide range of area-monitoring applications. 
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